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INTRODUCTION 

The residual stresses Induced by the autofrettage process 
In high pressure cylinder manufacture have been calculated by 
numerous Investigators, references 1, 2, 3 and 4.  Furthermore, 
the results of these calculations have been experimentally 
checked by means of the Sachs* technique of residual stress 
measurement, reference 3* and reasonably good agreement has 
been obtained for a perfectly plastic material which forms 
the basis for the theoretical calculations. 

When a strain hardenable material Is used, the accurate 
Inclusion of work hardening In the analysis greatly compli- 
cates the solution. A useful estimate of the pressure 
expansion curve can be obtained by following the method 
suggested by Nadal, reference 1. 

In the course of an experiment performed to determine 
the relaxation of residual autofrettage stresses under various 
thermal treatments, Nadal's method was used to estimate the 
expansion during autofrettage and the residual stresses 
Induced for a cylinder constructed of a strain hardenable 
steel. These values were compared directly to the experi- 
mental values and the results are presented In this report. 

METHOD OP CALCULATION 

For the element shown, equilibrium requires that 

',-'r"*Z- (1) 
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The boundary conditions for the cylinder with Internal 
pressure only applied are 

crr = - p   at r = a 

crr = o   at r = b 

Thus equation (1) can be written 

b,_ . dr (2) 
P=j    i^i-o-r)- 

The distortion energy theory for yielding may be written 

2Y0 

73 ^"^r = "7=      • (3) 

If It Is assumed that this relation Is valid when the 
material work hardens, then 

= 4   rbvdr (i.) 
f VI JQ  

J   r 

where Y Is a function of the equivalent strain and replaces 
Y0 In equation  (3).     Since the state of stress In any element 
Is approximately a hydrostatic tension superposed on a pure 
shear.  It Is assumed that Y Is a function only of the maximum 
shear strain.    The maximum shear strain for a cylinder Is 

_ 

ys^t " ^r and this Is proportional to -5- In the 
r2 

elastic region. It Is assumed thav. y    Is proportional to 
1 
r 2 

all through the tube at  each stage of the expansion. 
.bi2b 

Hence, writing Xs—pe —     where Xu is the maximum 

shear strain on the external surface, and T= A/^ 

♦where YQ is the yield strength for a perfectly plastic 
material. 
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p=r
ra
T(x)^ v L     w' r (5) 

b' Xb 
where >' = *     Is the shear strain at the bore. a  a

Ä 

The tangential strain In a cylinder during autofrettage Is 
given by 

2 

Vf'TftSH"'^'^ 
Also since  £ - -SM- 

t  dr 

Thus 

2 L2 YoN  Ä/ x b 

At r = b, from (6) 

.2 

* N r (2 -M) 

(6) 

1  r ysEcu      r 

so thst by combining this result with (8) st r = b 

V = 
2(l + ^ €t (9) 

^b  (2-/iV xb 
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By means of equations (9) and (5) It Is now possible to 
calculate the pressure-expansion curve by nuhierlcal means 
provided that a shear stress-shear strain curve Is available 
for the material. 

EXPERIMENTAL RESULTS 

A 1 Inch OD x 0.5 Inch ID closed end test cylinder was 
constructed of AISI 4340 and heat treated for a nominal yield 
of 120,000 psl.  This cylinder, which was 43 Inches long, 
was pressurized to 95*000 psl and both the longitudinal and 
transverse strains on the outside surface of the cylinder were 
measured during autofrettage (six transverse gages and three 
longitudinal gages were used). The autofrettaged cylinder 
was then sectioned Into 3i-lnch long specimens. Two of these 
were used to determine the residual stress distribution that 
was Introduced by the autofrettage process. The method used 
for this was the Sachs* boring out technique, reference 5. 

Figure 1 shows the stress-strain curve obtained In 
tension for the AISI 4340 steel used In the experiment. This 
curve represents an average of three separate tensile tests 
(two specimens were cut In the transverse direction and one 
In the longitudinal direction). The maximum difference In 
stress, for a given strain, between the three specimens was 
less than 5 percent. 

Figure 2 shows the pressure vs. tangential strain at the 
outside surface of the 43-lnch long cylinder during auto- 
frettage. Based upon the .2 percent offset yield of 
120,000 psl, as given In figure 1, the pressure at which 
yielding should begin In the cylinder Is about 52,000 psl. 
In figure 2 this Is Indicated by a departure of the pressure- 
strain curve from a straight line at approximately 52,000 psl. 

In order to calculate the pressure-strain curve by means 
of equations (9) and (5) It Is necessary to have shear stress- 
strain data. Although this was not obtained experimentally, 
the relationships (as given In reference 1) between the shear 
stress and shear strain and the tensile stress and tensile 
strain are 

' 

and 

T = 

y = 

^tension 

3£ tension 
do) 
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With these relations and figure 1 It Is now possible to 
calculate T   /Y     as a function of Y    as shown In figure 3. 
By assuming a value for ^A     and calculating V.   from 

b2     b 
(9) and ^ ■ —r- Xu It  Is possible to numerically 

Integrate the curve shown In figure 3 between these limits of 
YQ      and   Yh       and obtain the pressure p as given by 
equation  (5).    Thus for each assumed value of   £* ,  a 

b 
value of p necessary to provide the assuiuedc*      value 

b 
is obtained.     The values of pressure obtained In this manner 

for six assumed values of   €♦. are given In Table 1. 
D 

Figure 4 is a plot of the numerically calculated values of 
Table 1 In comparison to the experimentally measured values. 
The agreement between the calculated and experimental data Is 
with + 3.5 percent.  Inasmuch as 

- 2Y -  9T 

and 

V -L 

a. - 2ra -/
Xa r 

ta 
>b 

Evaluating T  at /  = ^b  from the shear stress curve 
approximated from the tensile test du :a and letting 

L , a -7-4^ = 93100 P.S.i 

gives a value of 0"f    ■ 53^500 psl.  This represents the 
tangential stress at the bore during the autofrettage process. 
The elastic equivalent of the bore tangential stress at a 

. . 
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